ABSTRACT. The inheritance of day-neutrality in octoploid Fragaria L. was investigated in crosses between day-neutral (DN) × short day (SD) and DN × DN types using F. ×ananassa Duchesne in Lamarck cultivars and elite selections of F. virginiana Miller and F. chiloensis (L.) Miller. Genotypes were considered as DN if they fl owered under both the SDs of spring before 30 May (<14 hours) and the long days of summer after 24 July (>15 hours). Wide ranges in the percentage of DN progeny were found among the families regardless of species background (30% to 87% in DN × SD and 22% to 93% in DN × DN crosses). None of the families fi t the segregation ratios expected if DN was regulated by recessive alleles at one locus, and only about half of the families fi t the segregation ratios expected if a single dominant allele regulated DN. Several two-gene models fi t the segregation data better than the single locus ones, but none of the genetic models tested fi t the DN segregation ratios at the ends of the distribution range. The wide range observed in the percentage of DN progeny across all the families is most consistent with a polygenic model. Several other kinds of observations supported the multigenic regulation of DN: 1) Different DN parents crossed to the same SD genotype often produced different percentages of DN progeny, 2) Some of the day-neutrality sources were more powerful than others in producing of DNs, and 3) None of the DN parents produced 100% DN progeny, which would be expected if there were homozygous dominant DN individuals. Specifi c combining abilities for DN and fl owering strength were signifi cant, while general combining abilities for these traits were not. Our results suggest that parental combinations can be selected that will generate very high proportions of DN progeny that bloom for long periods of time.
All three photoperiodic types, short day (SD), long day, and day-neutral (DN) exist in Fragaria species, although all of the octoploid commercial cultivars now grown are either SD or DN (Hancock, 1999) . While numerous sources of day-neutrality have been identifi ed in strawberries over the years, the most successful introgression into commercial octoploid strawberries was achieved by Bringhurst and Voth (1978) at the Univ. of California, Davis (Cal-Davis). They transferred genes from a native clone of F. virginiana ssp. glauca (Wats.) Staudt from the Wasatch Mountains of Utah and were able to generate commercially useful genotypes within a few generations of backcrossing into F. ×ananassa.
The same source of day-neutrality has been used to produce new DN cultivars in many breeding programs (Hancock et al., 1990; Sjulin and Dale, 1987) , but it has not performed as well in continental climates as Mediterranean ones . Cultivars that have the Wasatch source of day-neutrality suffer from summer heat and fl ower bud initiation is completely inhibited at 30/26 °C day/night temperatures (Durner et al., 1984; Galletta et al., 1981; Strik 1985) . The DN cultivars have reduced yields and small, soft fruits in the middle of the summer . In addition, while day-neutrality was originally shown to be regulated by a single dominant gene in the Cal-Davis breeding population (Ahmadi et al., 1990; Bringhurst and Voth, 1978) , its inheritance has appeared much more complex in other studies (Hancock, 1999; Shaw 2003) .
To fi nd new sources of day-neutrality that are better adapted to continental climates, we evaluated ≈3000 native F. virginiana Received from all across North America (Hancock et al., 2001a; Luby et al., 1991; Sakin et al., 1997) and selected a few horticulturally elite genotypes. We then used these selections to expand the gene pool of F. ×ananassa, by crossing them with SD and DN cultivars . When DN F. ×ananassa were crossed with SD F. virginiana, the progeny ratios fi t the 1:1 ratio expected if day-neutrality was regulated by a single dominant gene as the Bringhurst group previously found, but when DN F. virginiana were hybridized with SD F. ×ananassa, the progeny ratios all deviated signifi cantly from a 1:1 ratio supporting a polygenic model.
These results indicate that DN may be under different regulation in F. ×ananassa and F. virginiana; however, the same set of SD genotypes were not crossed with the DN parents of each species, making direct comparisons of the genetics of DN in the two species impossible, and the number of progeny within populations was limited. In the experiments outlined here, we used a factorial mating design to directly test whether the genetics of day-neutrality is similar in native and cultivated, octoploid Fragaria using larger populations. We also tested a wider array of one and two loci models of DN regulation.
Material and Methods:
Two groups of segregating populations were constructed: 1) DN × SD crosses, and 2) DN × DN crosses. The genotypes included in the study are presented in Table 1 . The cultivars were selected to include both Californian and Eastern representatives of SD and DN gene pools. The wild parents were based on a previous study in which they differed signifi cantly for DN progeny. These elite clones were also previously selected for superiority in several horticultural traits (Hancock et al., 2001a (Hancock et al., , 2001b (Hancock et al., , 2001c . From these surveys, Frederick 9, LH 50-4, RH 23, and RH 30 were selected and their day-neutrality was confi rmed experimentally in a series of growth chamber experiments (Serçe, 2002; Serçe and Hancock, 2003, 2004) .
Crosses were made by transferring pollen with a camel hair brush after removal of stamens using sharp tweezers to prevent self-pollination. Fresh pollen was generally collected from open fl owers; however in some occasions, pollen was stored in petri dishes at -16 °C for future use. The fruit were harvested and seed were extracted and placed on soil in pots and held in a growth chamber at 4 °C with continuous infl orescent light. When the seeds germinated in Summer 2001, the seedlings were placed in a growth room ≈18 °C with continuous infl orescent light (≈60 mol·s -1 ·m -2 ). When they had reached the four to six leaf stage, they were potted into 14 × 12 × 12-cm pots and placed in a greenhouse at ≈18 °C and 13-h long day conditions maintained by high intensity lamps (≈80 mol·s -1 ·m -2 ). Plants began to fl ower on 28 Jan. 2002 and by mid-April all fl owering had ceased. In May 2002, segregating populations were planted at the Michigan State Univ. Horticulture Farm in a completely randomized design. Plants in each family were divided evenly among four replications and row spacing was 180 × 60 cm. Flowering was then monitored on a weekly basis from 26 July to 24 Aug. in the fi eld. Genotypes were considered as DN if they fl owered more then once under the SDs of spring before 30 May 2002 (<14 h) and than again under the long days of summer after 24 July 2002 (>15 h). Flowering strength for each DN genotype was calculated as the number of weeks it fl owered during the sampling period.
The SD:DN progeny ratios in the DN selfed, DN × DN, and SD × DN crosses were analyzed using chi-square tests assuming DN was regulated by a single dominant gene; thus the expected ratios were 1:1, 1:1, and 1:3 (SD:DN), respectively. Chi-square tests were also performed for a number of two-locus models where DN was assumed to be regulated by complementary gene action, duplicate gene action, dominant suppression gene action, two additive, or three additive genes. However, only the results of the single-locus, dominant-allele models are presented here, as progeny numbers were too low to adequately separate between the various two-gene models. To test the level of heterogeneity among half-sib families for proportion of DN progeny, we performed chi-square tests using STATA (STATA, 2001) .
Fragaria ×ananassa x F. virginiana in both DN × SD and DN × DN groups were combined to construct analysis of variance tables to test the signifi cance of general and specifi c combining abilities for DN and fl owering strength using the SAS GLM procedure (SAS, 1990) . To increase normality, the percentage of DN progeny in each family was √arcsin transformed, although the means are presented as untransformed data. Both general and specifi c combining abilities effects were considered as random in the analysis.
Results
Seventy-one percent of the progeny were DN in the combined DN × DN crosses, which is signifi cantly lower than the expected 75% (3:1 ratio) under the single, dominant gene model ( Table  2 ). The mean of the F. ×ananassa x F. ×ananassa crosses did not differ signifi cantly from the expected values (76% vs. 75%), although the largest individual family (ʻTributeʼ x ʻTributeʼ) deviated signifi cantly, with 88% of the progeny being DN. The average percentage of DN in the F. ×ananassa x F. virginiana crosses was signifi cantly higher than expected (83%), with three of the individual families deviating signifi cantly from expectations. The highest number of DN for any family was observed in the F. ×ananassa x F. virginiana cross, ʻTributeʼ x RH 23 (93%). The mean of the F. virginiana x F. virginiana crosses was signifi cantly lower (48%) than expected, with all the families in the group having signifi cantly lower numbers of DN progeny than expected (<63%) ( Table 2) .
Overall, 58% of the progeny were DN when all the DN × SD crosses were combined (Table 2 ). This percentage is significantly higher than the 50% that is expected if DN is regulated by a single dominant gene. The F. ×ananassa x F. ×ananassa (59%) and F. ×ananassa x F. virginiana (62%) families both averaged signifi cantly more DN progeny than expected under the single-gene model. Over half of the individual F. ×ananassa x F. virginiana families deviated signifi cantly from a 1:1 ratio, and they displayed a continuous variation in percentage of DN progeny from 30% (ʻAllstarʼ x LH 50-4) to 87% (ʻTributeʼ x Eagle-14) ( Table 2 ). Four of the F. ×ananassa x F. ×ananassa families fi t a 1:1 model, while the other two had signifi cantly more DN progeny than expected (ʻAllstarʼ x ʻFort Laramieʼ = 64% and ʻTributeʼ x ʻChandlerʼ = 74%). The average percentage of DN progeny in the two F. chiloensis x F. virginiana families was signifi cantly lower than a 1:1 ratio (40% DNs), with one family being signifi cantly lower than expected (FRA 0368 x LH 50-4 = 36%), while the other was a little higher (FRA 0368 x RH 23 = 53%). When data from the two F. virginiana x F. virginiana families were combined, they fi t a 1:1 ratio, with one of the individual families being signifi cantly lower (Eagle 14 x Fredrick 9 = 43%) and the other being signifi cantly higher than expected (Montreal River 10 x Frederick 9 = 60%).
In many instances, different DN parents crossed to the same SD genotype produced different percentages of DN progeny (Table 2) . For example, when ʻTributeʼ and ʻAromasʼ were crossed to SD ʻChandlerʼ, ʻTributeʼ generated 74%DN progeny, while ʻAromasʼ produced 55%. Only 30% of the progeny of LH 50-4 x ʻAllstarʼ were DN, but ʻAllstarʼ x RH 23 produced 60% DNs, and ʻAllstarʼ x Frederick 9 generated 85%. Likewise, different DN parents crossed to the same DN day genotype produced different percentages of DN progeny. When ʻTributeʼ was crossed to LH 50-4, 58% of the progeny were DN, while ʻTributeʼ x RH-30 generated 89% DNs and ʻTributeʼ x RH-23 generated 93%. The differences in DN proportion among half-sib families were signifi cant when tested for heterogeneity using the Chi-square test. In the DN × DN crosses where Frederick 9 was crossed to LH 50-4 and RH 30, χ 2 1 = 6.45 (P = 0.011). When ʻTributeʼ was crossed to ʻFort Laramieʼ, LH 50-4, RH 23, and RH 30, χ 2 3 = 28.26 (P = 0.001). In the DN x SD crosses, the half-families of Frederick 9 x ʻAllstarʼ, Eagle-14, ʻHoneoyeʼ and Montreal River 10 had signifi cantly different percentages of DN progeny (χ 2 3 = 28.43; P = 0.001), as did the half-sib families of ʻTributeʼ x ʻAllstarʼ, ʻChandlerʼ, ʻEagle-14ʼ, FRA 368, and ʻHoneoyeʼ (χ 2 9 = 35.20; P = 0.014).
Regulation by a dominant allele at one or two loci fi t only about half of the crosses (Table 2) . Three of the more complex two gene models fi t 80% of the families (complementary gene action, two allele additive and duplicate gene), but they failed to explain the segregation patterns of those families with the lowest and highest ratios of DNs [LH 50 x LH 50 (23%), Frederick 9 x LH 50-4 (40%), ʻTributeʼ x Eagle 14 (87%), ʻTributeʼ x ʻTributeʼ (88%) and ʻTributeʼ x RH 23 (93%)] (data not shown). Although general combining ability (GCA) was not signifi cant, specifi c combining ability (SCA) for DN and fl owering strength were signifi cant (P < 0.01) in both F. ×ananassa and F. virginiana (Table 3) . Family means for percentage of DN progeny and fl owering strength were signifi cantly correlated (r = 0.90, P < 0.01).
The various DN parents ranged widely in the mean number of DN progeny they produced (Table 4) . LH 50-4 was the weakest DN parent producing ≈48% DNs on average, compared to Frederick 9 (59%), ʻFort Laramieʼ (60%), RH 30 (61%), RH 23 (63%), Eagle 14 (63%), ʻAromasʼ (64%), and ʻTributeʼ (66%). The various DN parents also varied in the mean fl owering strength of their progeny (Table 4) . Eagle 14 and ʻTributeʼ had the highest mean rating of 3.10, followed by ʻFort Laramieʼ (3.30), RH 23 (2.86), ʻAromasʼ (2.82), RH 30 (2.78), Frederick 9 (2.45), and LH 50-4 (2.14).
Discussion
Day-neutrality is not regulated by a single locus. Only about half of the families fi t the segregation ratios expected if a single dominant allele regulated DN. The wide range observed in the percentage of DN progeny across all the families is most consistent with a polygenic model. Several other kinds of observations support the multigenic regulation of DN: 1) different DN parents crossed to the same SD genotype often produced different percentages of DN progeny, and 2) some of the day-neutrality sources were more potent than others in producing of DN offspring. It was also observed that none of the DN parents produced 100% DN progeny, which would be expected if homozygous dominant DN individuals existed that were effected similarly by environment.
Several previous studies have concluded that DN is a complex trait. Powers (1954) was the fi rst investigator to analyze segregation patterns in DN material derived from F. virginiana ssp. glauca, as well as North American F. ×ananassa mutants. He concluded that this trait is controlled by several (at least six) dominant and recessive genes, and suggested that the dominant genes are not equal in power in conditioning the expression of day-neutrality. He indicated that there were three independent loci and ranked their dominant alleles based upon their power in conditioning DN progeny (A´ > A > B and C).
Using a mixture of North American F. ×ananassa clones where the DN gene came from both North American F. ×ananassa mutants and F. virginiana ssp. glauca Orecky and Slate (1967) also provided progeny data that implicated a complimentary gene model. However, they detected signifi cant parent-specifi c deviations from the model and suggested octosomal segregation to explain this variability.
Most recently, Shaw (2003) generated selfed progenies of 10 DN F. ×ananassa genotypes in the current Cal-Davis breeding program and found that many of the segregating populations did not fi t the 3:1 ratio expected if the parents were heterozygous for a dominant DN trait. His progeny populations also displayed nearly continuous variation in percentage of DN progeny, ranging from 41.4% to 84.8%. He concluded that day-neutrality was not controlled by a single locus in his domesticated strawberry population.
The types of genic interactions involved in the expression of day-neutrality remain unclear. Hancock et al. (2002) proposed that a polygenic threshold model best fi ts the continuous variation patterns, where different DN and SD types might be carrying different numbers of DN genes. The lack of signifi cant variability in GCA observed in this study suggests that the number of major genes infl uencing photoperiod sensitivity is limited. It is also possible that the genes conditioning day-neutrality have varying dosage effects. As was previously reviewed, Powers (1954) concluded that DN is controlled by three independent loci that carry alleles with varying levels of power in conditioning DN progeny. Since we found signifi cant levels of SCA, epistatic interactions may be playing a role as well as dominance effects. Parental selection will play a critical role in producing elite DN types, as SCA was greater than GCA.
Because family means for percentage of DN progeny and fl owering strength were signifi cantly correlated, parental combinations can be selected that will generate very high proportions of DN progeny that bloom for long periods of time. ʻTributeʼ and Eagle 14 produced the strongest fl owering progeny, and also the highest proportion of day neutrals. At least some of the variation we observed among families for percentage of DN progeny may have been created by the genomic structure of the octoploid strawberry. The single, dominant gene model was proposed assuming complete diploidization of strawberry genome; however, Lerceteau-Köhler et al. (2003) found that a small percentage of amplifi ed fragment length polymorphism (AFLP) loci do not segregate as disomic. Strawberry is considered to be an autoallopolyploid (Bringhurst, 1990 ) so variation in meiotic confi gurations of chromosomes might be expected, resulting in occasional aberrant segregation ratios. Arulsekar and Bringhurst (1981) used isozyme data to document disomic inheritance in strawberries, but they evaluated only a few loci.
In conclusion, the genetics of day-neutrality is complex in octoploid strawberries. Inheritance of DN is likely polygenic, but the dosage relationships of the various alleles are still unresolved. It is recommended that quantitative approaches be utilized in breeding DN strawberries. To produce families with the highest proportion of DN progeny, parents should be selected which carry the highest number of quantitative trait loci (QTL) for DN.
